The L type calcium channel agonist (؎)Bay K 8644 has been reported to cause characteristic motor abnormalities in adult mice. The current study shows that administration of this drug can also cause the unusual phenomenon of self-injurious biting, particularly when given to young mice. Self-biting is provoked by injecting small quantities of (؎)Bay K 8644 directly into the lateral ventricle of the brain, suggesting a central effect of the drug. Similar behaviors can be provoked by administration of another L type calcium channel agonist, FPL 64176. The self-biting provoked by (؎)Bay K 8644 can be inhibited by pretreating the mice with dihydropyridine L type calcium channel antagonists such as nifedipine, nimodipine, or nitrendipine. However, self-biting is not inhibited by nondihydropyridine antagonists including diltiazem, flunarizine, or verapamil. The known actions of (؎)Bay K 8644 as an L type calcium channel agonist, the reproduction of similar behavior with another L type calcium channel agonist, and the protection afforded by certain L type calcium channel antagonists implicate calcium channels in the mediation of the self-biting behavior. This phenomenon provides a model for studying the neurobiology of this unusual behavior. S elf-biting (SB) and other self-injurious behavior (SIB) may occur in a number of different human disorders (1, 2). They are most commonly seen in developmentally disabled individuals with severe mental retardation or autism. These behaviors also occur in specific neurogenetic diseases such as Lesch-Nyhan syndrome, Cornelia de Lange syndrome, Rett's syndrome, Tourette's syndrome, and neuroacanthocytosis. The neurobiology of these peculiar behaviors is incompletely understood, and several animal models have been developed to study pathophysiology and potential treatments (3). For example, SB and SIB may be provoked in rodents after high doses or chronic administration of drugs that promote dopamine release such as amphetamine, GBR-12909, and pemoline (4-8). SB and SIB also occur in rodents after stimulation of dopamine receptors if brain dopamine neurons are destroyed during early development (9). Clonidine (10, 11) and the methylxanthines caffeine and theophylline can also provoke these behaviors at high doses, though the mechanism by which they do so remains unclear (6, 12, 13) .
The L type calcium channel agonist (؎)Bay K 8644 has been reported to cause characteristic motor abnormalities in adult mice. The current study shows that administration of this drug can also cause the unusual phenomenon of self-injurious biting, particularly when given to young mice. Self-biting is provoked by injecting small quantities of (؎)Bay K 8644 directly into the lateral ventricle of the brain, suggesting a central effect of the drug. Similar behaviors can be provoked by administration of another L type calcium channel agonist, FPL 64176. The self-biting provoked by (؎)Bay K 8644 can be inhibited by pretreating the mice with dihydropyridine L type calcium channel antagonists such as nifedipine, nimodipine, or nitrendipine. However, self-biting is not inhibited by nondihydropyridine antagonists including diltiazem, flunarizine, or verapamil. The known actions of (؎)Bay K 8644 as an L type calcium channel agonist, the reproduction of similar behavior with another L type calcium channel agonist, and the protection afforded by certain L type calcium channel antagonists implicate calcium channels in the mediation of the self-biting behavior. This phenomenon provides a model for studying the neurobiology of this unusual behavior. S elf-biting (SB) and other self-injurious behavior (SIB) may occur in a number of different human disorders (1, 2) . They are most commonly seen in developmentally disabled individuals with severe mental retardation or autism. These behaviors also occur in specific neurogenetic diseases such as Lesch-Nyhan syndrome, Cornelia de Lange syndrome, Rett's syndrome, Tourette's syndrome, and neuroacanthocytosis. The neurobiology of these peculiar behaviors is incompletely understood, and several animal models have been developed to study pathophysiology and potential treatments (3). For example, SB and SIB may be provoked in rodents after high doses or chronic administration of drugs that promote dopamine release such as amphetamine, GBR-12909, and pemoline (4) (5) (6) (7) (8) . SB and SIB also occur in rodents after stimulation of dopamine receptors if brain dopamine neurons are destroyed during early development (9) . Clonidine (10, 11) and the methylxanthines caffeine and theophylline can also provoke these behaviors at high doses, though the mechanism by which they do so remains unclear (6, 12, 13) .
To date, calcium channels have received little attention as mediators or potential therapeutic targets for SB or SIB. Calcium channels are expressed throughout the nervous system and in other organs, where they play an important role in stimulusresponse coupling. Several calcium channel subtypes are currently recognized by their different pharmacological and electrophysiological properties (14) . The L type calcium channel is voltage-gated and allows a transient influx of calcium in response to cell membrane depolarization. Within the brain, these channels are expressed at particularly high levels in the striatum, cortex, and hippocampus (15) (16) (17) (18) .
(Ϯ)Bay K 8644 functions as an L type calcium channel activator that increases calcium fluxes in response to depolarizing stimuli (19) (20) (21) . In rodents, this drug has been reported to produce characteristic motor abnormalities including impaired ambulation, twisting and stretching movements, transient limb extension, back arching, spasticity, ataxia, or catatonia (22) (23) (24) (25) (26) (27) (28) . Some studies have anecdotally noted the occurrence of SIB with this drug (23) (24) (25) 27) , though this phenomenon has received little attention. The current study shows that (Ϯ)Bay K 8644 will reliably provoke SB and SIB under certain conditions in mice, providing a tool to study the neurobiology of this unusual behavior.
Methods
Animals. C57BL͞6J mice were obtained from The Jackson Laboratory and maintained in the Johns Hopkins Medical Institutions animal care facilities for at least 5 days before testing. They were kept on a 12-h light͞dark cycle with free access to food and water. All animal procedures were conducted in strict accordance with published guidelines from the National Institutes of Health.
Materials. (Ϯ)Bay K 8644, the agonist enantiomer (Ϫ)Bay K 8644, the antagonist enantiomer (ϩ)Bay K 8644, and FPL 64176 (Research Biochemicals, Natick, MA) are poorly soluble in aqueous solutions. For subcutaneous administration, the drugs were dissolved in ethanol at a concentration of 20 mg͞ml and then mixed with an equal volume of Tween 80 (Sigma). This preparation was diluted at least 10-fold with distilled water and injected subcutaneously at a final volume of 10 ml͞kg. For intracerebral injections, the drugs were dissolved in dimethyl sulfoxide.
Behavior Testing. Initial dose-response profiles were obtained with an escalating-dose paradigm, where behavioral assessments were conducted after subcutaneous injections of saline, 2 mg͞kg, 4 mg͞kg, 8 mg͞kg, and 12 mg͞kg (Ϯ)Bay K 8644 at daily intervals. Independent groups of mice were examined at three different ages: weanling (3-4 weeks), young adult (4-5 weeks), and full adult (6-8 weeks) . To assess the potential contributions of the repeated dosing paradigm, another group of 10 mice was given the same drug dose on five separate occasions.
Behavior was also examined after microinjection of (Ϯ)Bay K 8644 or dimethyl sulfoxide directly into the brain. A total of five animals were examined at each of the following doses: 10, 25, 50, and 100 g of (Ϯ)Bay K 8644. Animals were anesthetized with methoxyflurane, and the surface of the skull was partially exposed with a 1-cm midline longitudinal incision. Vehicle or drug was administered by inserting a 28-gauge needle though the skull into the lateral ventricle by using coordinates estimated from an atlas of the mouse brain (29) . The needle was blunted and shortened to provide a consistent injection depth of 3 mm from the surface of the skull. Injections were 2.5 mm anterior to bregma and 1 mm lateral to the saggital suture. Animals began to awaken 5 min after discontinuation of methoxyflurane anesthesia and were usually ambulatory within 10 min.
For behavioral assessments, mice were placed singly in 20 ϫ 30-cm clear plastic boxes similar to the home cage. The mice were observed for 1 min each at 10-min intervals for 1 h by using a behavioral sampling method (30) . SB and SIB were recorded independently. To prevent unnecessary pain or suffering, any animal that caused tissue injury or bleeding was immediately Abbreviations: SB, self-biting; SIB, self-injurious behavior.
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anesthetized with methoxyflurane and given 20 mg͞kg nifedipine subcutaneously. This treatment reliably terminated all SIB.
Aggression was assessed by three methods. The first involved the resident-intruder paradigm, where the frequency of attack behavior by a drug-treated aggressor was recorded (31) . In the second paradigm, 10 mice were placed individually in a test cage and a wooden stick was presented at the snout five separate times for 2-3 s each. The number of mice biting the stick and the frequency of bites were recorded. In the third paradigm, 10 mice were each lowered individually by their tails onto a foam platform on five separate trials. The number of mice biting the platform and the frequency of bites were recorded.
Data Analysis. SB and SIB scores were analyzed by calculating the percentage of scoring intervals in which the target behavior occurred (30) . Aggression scores were analyzed by calculating the percentage of biting behavior in each paradigm. Because all target behaviors were reduced or eliminated by administration of nifedipine to prevent self-injury, any animal given nifedipine received the last scores recorded for the remainder of the test period. Average scores were then compared by ANOVA, with subsequent Tukey's tests where appropriate.
Results

SB and SIB After (؎)Bay K 8644.
When placed in the test cage, untreated or vehicle-treated mice engaged in their typical behaviors including ambulation, rearing, sniffing, manipulating bedding, and occasional grooming. Normal grooming of the limbs or abdomen was readily distinguished from SB and SIB, which were never observed in untreated or vehicle-treated mice. At a dose of 2 mg͞kg (Ϯ)Bay K 8644, exaggerated grooming behaviors such as licking or stroking the fur were not observed, and SB occurred rarely. As the dose increased, SB became more frequent, again without any other signs of excessive grooming. SB typically began within 10 min of drug administration, peaked at 20-30 min, and eventually waned and disappeared by 50-120 min. The mice typically bit their forepaws, shoulders, or abdomen (Fig. 1) . The animals would sometimes vocalize and dart after biting, suggesting that they felt pain; and at higher doses, SB persisted and would lead to severe skin and bone injury if allowed to proceed.
Though the majority of biting was directed toward the animal's own body, some mice occasionally bit the bedding material or cage walls during testing. Other mice engaged in vacuous chewing movements with nothing in the mouth. When disturbed, however, violent biting was often directed toward the inciting stimulus.
Influence of Dose and Mouse Age. The influence of escalating doses of (Ϯ)Bay K 8644 was quantified in mice of different ages. The drug produced a dose-dependent increase in SB and SIB at all ages tested, but weanling mice engaged in SB and SIB far more frequently than adult mice (Fig. 2) . A qualitative difference among animals of different ages was also observed. Weanling mice would often engage quietly and continuously in SB, eventually producing tissue injury. In adult mice, SB was often followed by vocalization and darting behavior, with the result that tissue injury was less common. These results show that the appearance of SB and SIB depends markedly on drug dose and mouse age.
Desensitization with Repeated Dosing. Several drugs capable of provoking SB and SIB in animals are associated with augmented behavioral responses with repeated testing, a phenomenon known as priming or sensitization (7, 32) . To determine whether the SB and SIB observed at high doses of (Ϯ)Bay K 8644 were due to a priming effect rather than an increase in dose, a single group of drug-naïve adult mice was tested with the same dose of 8 mg͞kg on five separate occasions. After the first trial, SB was observed during 55% and SIB during 40% of the scoring intervals (Fig. 3) . The second trial, given 1 day later, was associated with approximately half the SB and SIB observed after the first trial. A third trial given on the third day was associated with a further reduction in both behaviors. However, these behaviors were at least partially restored in a fourth trial performed after 1 week of recovery and were fully restored in a fifth trial after 1 month of recovery. These results indicate desensitization of SB and SIB with repeated treatment with (Ϯ)Bay K 8644.
Intracerebral Microinjection Studies. SB and SIB are sometimes observed in rodents after injury to peripheral nerves, presumably as a consequence of irritating local paresthesias (33) . To determine whether the behaviors associated with (Ϯ)Bay K 8644 were due to actions in the brain or at peripheral sites, intracerebral microinjections were performed. Injection of 10-100 g of (Ϯ)Bay K 8644 directly into the lateral ventricle of the mouse brain dose-dependently reproduced all of the motor abnormalities reported for subcutaneous administration of the drug (22) (23) (24) (25) (26) (27) (28) , with SB and SIB emerging at the highest dose (Table 1) . These results show that the behaviors provoked by (Ϯ)Bay K 8644 are mediated by its effects in the brain rather than peripheral sites.
Inhibition with Calcium Antagonists. Two experiments were performed to verify that the behaviors observed with (Ϯ)Bay K 8644 were due to activation of L type calcium channels and not due to some nonspecific side effect. First, it was shown that SB and SIB could be elicited with 2-12 mg͞kg of the active agonist enantiomer (Ϫ)Bay K 8644 (not shown). The (ϩ)Bay K 8644 enantiomer, which functions as a weak antagonist, had no obvious effect on mouse behavior in doses of 2-12 mg͞kg. The overall effects of the racemic preparation are likely to reflect calcium channel agonism, because the agonist isomer is approximately 16-fold more potent than the antagonist isomer (34) .
Second, mice were pretreated with one of several different L type calcium channel antagonists 5 min before (Ϯ)Bay K 8644. Nifedipine, nimodipine, and nitrendipine are L type calcium channel antagonists that have a dihydropyridine structure. Nifedipine (20 mg͞kg) completely prevented the SB and SIB associated with (Ϯ)Bay K 8644 (Fig. 4 A and B) . Nimodipine (20 mg͞kg) and nitrendipine (20 mg͞kg) also attenuated both behaviors, though less effectively than nifedipine (Fig. 4 A and  B) . In contrast to the protective effect of the dihydropyridine antagonists, three nondihydropyridine antagonists, diltiazem, (20 mg͞kg), flunarizine (20 mg͞kg), and verapamil (20 mg͞kg) failed to influence either behavior significantly (not shown). These results show that SB and SIB after (Ϯ)Bay K 8644 can be attenuated with dihydropyridine L type calcium channel antagonists but not with nondihydropyridine antagonists.
Behavioral Effects of FPL 64176. If the behavioral effects observed with (Ϯ)Bay K 8644 are due to calcium channel activation, then other calcium channel activators would be expected to produce similar effects. The L type calcium channel activator FPL 64176 (20, 35) produced motor abnormalities essentially identical to those observed with (Ϯ)Bay K 8644 with two exceptions. First, the motor disability seemed more severe with FPL 64176 than with (Ϯ)Bay K 8644 in the same dosage ranges. Second, toxicity was significant, because more than half of the animals did not survive treatment with the highest dose. Despite the more severe motor disability and toxicity, 8 of 10 animals treated with 12 mg͞kg FPL 64176 displayed SB (not shown).
Aggressive Behavior. In addition to SB and SIB, mice treated with (Ϯ)Bay K 8644 seemed unusually aggressive, because they would often direct violent biting toward the examiner or any disturbing stimulus. The frequently used resident-intruder paradigm (31) provided no evidence for increased aggression, perhaps because Fig. 2 . Influence of age and dose. Three independent groups of 10 mice each were tested at different ages: 3 weeks (black bars), 4 -5 weeks (gray bars), and 6 -8 weeks (white bars). Bars depict the average (Ϯ SEM) percentage of 10-min intervals in which SB (A) or SIB (B) were observed. Data were analyzed by a two-way ANOVA with age and dose as the main factors. For SB, there was a significant effect for both age (F ϭ 27.2; P Ͻ 0.001) and dose (F ϭ 65.6; P Ͻ 0.001). For SIB, there was also a significant effect for both age (F ϭ 20.4; P Ͻ 0.001) and dose (F ϭ 24.9; P Ͻ 0.001). Fig. 3 . Influence of repeated doses. A single group of 10 drug-naïve adult mice was tested with 8 mg͞kg (Ϯ)Bay K 8644 on five separate trials. The first three trials were administered at 1-day intervals. The fourth trial was given after a 1-week delay, and the fifth trial after a 1-month delay. Data show the average percentage of 10-min intervals in which SB (A) or SIB (B) were observed (Ϯ SEM). ANOVA revealed significant differences among trials for SB (F ϭ 62.6; P Ͻ 0.001). Asterisks denote significant differences from responses on the first trial on post hoc Tukey's tests. Though SIB showed trends identical to those for SB, the differences were not statistically significant because of the lower frequency and higher variability of this behavior overall (F ϭ 1.4; P Ͼ 0.1). the concomitant motor dysfunction inhibited expression in this paradigm (results not shown). However, aggressive biting could be measured via other paradigms. When presented with a wooden stick at the snout, normal mice pretreated with vehicle typically sniffed the stick or fled to another part of the cage. Only 1 of 10 mice bit the stick briefly before fleeing. In contrast, 9 of 10 mice treated with 8 mg͞kg (Ϯ)Bay K 8644 bit the stick (Table  2 ). In addition, these mice often failed to release their jaws after biting; and they could be physically lifted from the cage floor by their teeth. When slowly lowered by the tail onto a foam platform, normal mice grasped the foam with the forepaws and attempted to escape. Only 4 of 10 normal mice briefly bit the platform on initial contact as well. After treatment with 8 mg͞kg (Ϯ)Bay K 8644, all 10 mice bit the platform on the majority of attempts. In addition, these mice often tore out large pieces, a behavior never observed in untreated mice (Table 2) .
Discussion
The current study shows that (Ϯ)Bay K 8644 reliably provokes SB and SIB when given to young mice. The known actions of this drug as an L type calcium channel agonist (20, 21, 35) , the reproduction of similar behavior with a structurally unrelated L type calcium channel agonist (FPL 64176), and the protection afforded by dihydropyridine calcium channel antagonists (Fig. 4) implicate L type calcium channels in the mediation of these behaviors. The behaviors are likely to reflect activation of brain calcium channels, because microinjection of smaller doses of (Ϯ)Bay K 8644 directly into the brain reproduced the same features observed with subcutaneous administration (Table 1) .
Though L type calcium channels are widely expressed in the brain, channels in certain brain regions may be differentially activated by this drug. The susceptibility to activation is likely to depend on several variables, including differences in the quantity of channels expressed, their susceptibility to activation, their efficiency of coupling to subsequent intracellular events, or compensatory mechanisms to an exogenous calcium influx. SB and SIB have most often been associated with dysfunction of the striatum (3). This brain region expresses particularly high levels of L type calcium channels (15) (16) (17) (18) , suggesting that a preferential action of (Ϯ)Bay K 8644 in this brain region may underlie its ability to provoke SB or SIB. A peak in the expression of these channels during the first few weeks of age in brain tissue of normal mice (36) may be responsible for the increased sensitivity of weanling animals in comparison to adults.
Because several prior studies have also implicated abnormalities in dopaminergic (4-9) and serotonergic (37) transmission in the expression of SB and SIB, it is useful to consider a potential effect of (Ϯ)Bay K 8644 on these monoamine systems. (Ϯ)Bay K 8644 has already been shown to increase the synthesis, release, and turnover of both monoamines in the brain (38) (39) (40) (41) (42) (43) . Recent studies have also shown a direct association between D1 dopamine receptors and calcium channel activity (44) . It seems likely that calcium channel activation with (Ϯ)Bay K 8644 might be mediated through activation of brain dopamine or serotonin systems, though more work will be required to determine whether this mediation occurs at the presynaptic or postsynaptic level.
To our knowledge, calcium channels have not received wide attention as potential mediators of SB or SIB in animals or humans. Nor have calcium channel antagonists been considered as potential therapeutic targets. The current study provides a tool for the investigation of the neurobiology of these unusual behaviors. In addition, the wide availability of safe drugs acting at calcium channels may also provide a treatment approach for affected individuals. 
